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Intestinal biopsy is a basic experimental method for studying pathological changes in the intestinal tract during human immunodeficiency virus (HIV) infection. In this study, jejunal resection and anastomosis were successfully performed in 12 Chinese rhesus macaques (*Macaca* *mulatta*). The sampled gut tissues were then examined by hematoxylin and eosin (H&E) staining, electron microscopy, flow cytometry, immunofluorescence detection, and RNA quality analysis to ensure suitability for histological, physiological, pathological, and immunological detection, as well as mechanistic analysis at the cellular and molecular level. Importantly, the surgery did not affect the ratio or number of immune cells in peripheral blood or the concentration of lipids, proteins, and vitamins in plasma, which are important indicators of nutritional status. Our results thus indicated that jejunal resection and anastomosis are feasible, and that immune homeostasis and intestinal barrier integrity are not altered by surgery. All macaques recovered well (except for one), with no postoperative complications. Therefore, this animal surgery may be applicable for longitudinal intestinal research related to diseases such as acquired immunodeficiency syndrome (AIDS).

The intestinal mucosa is among the earliest and most serious targets of HIV infection, even in individuals receiving antiretroviral therapy (ART). The gut contains the largest proportion of lymphoid tissue (up to 85%) and lymphocytes (up to 90%) in the body ([@bWong2016]). In addition, approximately 60%--80% of memory CD4^+^ T cells in the gastrointestinal tract are depleted within days of HIV and simian immunodeficiency virus (SIV) infection ([@bVeazey2019]). Both HIV/SIV infections are also associated with structural and functional impairment of gut mucosal tissue ([@bSong2018]; [@bZhang2016] Zhang et al., [@bZhang2019]). For instance, during infection, intestinal villi become flat and sucrase activity is reduced ([@bBrenchley2008]), with disruption of the intestinal epithelial barrier leading to microbial translocation and chronic immune activation ([@bSomsouk2015]), which can further accelerate and exacerbate HIV infection.

Studies on intestinal-related diseases are limited by material availability. The most used intestinal tissue in AIDS research is obtained through autopsy, which can result in serious defects in intestinal integrity and cell viability. In addition, obvious heterogeneity exists in both HIV-infected patients and macaques with AIDS, with HIV infection consisting of four distinct phases, i.e., acute infection, incubation, pre-AIDS, and typical AIDS periods. Hence, precise biopsies are more suitable for longitudinal HIV-related intestinal studies. In recent years, biopsy has not only been used for the detection of intestinal immunity during HIV progression, but also as a unique technique to assess HIV persistence or reservoirs in gut tissue during ART ([@bCattin2019]; [@bGosselin2017]).

As described in earlier studies, both endoscopy ([@bChai2015]; [@bSong2019]) and resection and anastomosis ([@bEdghill-Smith2002]) can be used to perform intestinal biopsy. We previously reported on the sampling method and biopsy quality obtained by endoscopy ([@bSong2019]). Here, to determine the feasibility of intestinal resection and anastomosis in longitudinal sampling studies of non-human primate models, we obtained 12 Chinese rhesus macaques (Supplementary Table S1) from the Kunming Primate Research Center, Chinese Academy of Sciences, China. The monkeys were housed in a facility with animal care and use programs accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). All experimental procedures were performed according to the guidelines approved by the Ethics Committee of the Kunming Institute of Zoology (approval number: KPRC-PF20-03-V4.0).

Intestinal resection and anastomosis were performed in a dedicated procedure room. After 24 h of fasting, the animals were anesthetized for surgery via inhalation of isoflurane. Fluctuations in vital signs were carefully monitored throughout the procedure. Firstly, each macaque was fixed to the operating table and held in the supine position. After shaving and disinfecting, sequential incisions in the abdominal skin, subcutaneous fat layer, and rectus abdominis muscle were made to open the abdominal wall. Subsequently, the position of the proximal end of the jejunum was located (about 10 cm below the duodenum). The mesentery was exposed, followed by ligation of the mesenteric vessels that supply the 6--7 cm section of the jejunum. The intestinal contents in the 6 cm section of the jejunum were extruded proximally and distally, with the cut ends then held with intestinal forceps wrapped with saline-soaked gauze ([Figure 1A](#Figure1){ref-type="fig"}). Finally, the intestinal tissue between the intestinal clamps was resected, and the incisions of the bowel ends, mesentery, and all abdominal wall structures were joined sequentially using absorbable sutures ([Figure 1B](#Figure1){ref-type="fig"}). Briefly, a single layer of continuous sutures was used on the gut ends, mesentery, and mesenteric bleeding sites. The intestine was placed back into the abdominal cavity and the rectus abdominis received single-layer continuous sutures and two tension sutures. The adipose tissue was sutured in a continuous single layer, and the abdominal skin was sutured intermittently. After the skin wound was sterilized with iodine, a layer of gauze was sewn to the abdomen to cover the skin (this was only performed in the first operation as the monkey removed the gauze immediately after waking from surgery, damaging the wound; as such, subsequent surgeries did not have this step). Drying of the exposed mesentery and gut was prevented by continuous spraying with saline solution. In addition, total parenteral nutrition was performed through an intravenous indwelling needle during surgery. Monkeys were given the following doses per 10 kg of body weight (body weight of monkeys during surgery is shown in Supplementary Table S1): A, metronidazole sodium chloride injection (30 mL); B, 0.9% sodium chloride injection (70 mL)+cefoperazone sodium sulbactam sodium (1.0 g); C, 5% glucose injection (150 mL)+adenosine triphosphate injection (20 mg)+coenzyme A (100 units); D, compound amino acid injection (18AA, 30 mL). Recovery observation and wound disinfection (iodophor, 5±0.5 g/L) were performed daily after surgery.
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After removing the respiratory anesthesia machine, animals recovered within 0.5 h and stayed awake during the whole night after surgery. Macaque number 00034 died within 10 h of surgery. Subsequently, a systematic nursing strategy was performed for the other animals ([Table 1](#Table1){ref-type="table"}). Firstly, for 3 d after surgery, the macaques received parenteral nutrition via the posterior tibial vein. Animals were then fed with daily incremental liquid food and water for the following 7 d. Normal defecation was observed in all animals within 48 h after feeding, suggesting recovery of intestinal motor function. Finally, macaques started to accept solid foods on day 10, with solid food then provided from day 11. Animal condition, including defecation and inflammation of the wound, was observed during the surgical and nursing stages. None of the remaining 11 macaques showed significant abnormal performance during the observation period (Supplementary Table S1).

###### Nursing care after intestinal resection and anastomosis

  Stage                 Days after surgery                                                                                                                                                                                                                       Food and drink (one monkey)                                                                                                                                                                        Parenteral nutrition support                                                                                                                                                                                                                                                                                                                                                       Wound disinfection                                                                                                         Note
  --------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------
  Fasting period        1--3                                                                                                                                                                                                                                     Fasting food and water                                                                                                                                                                             Monkeys given drugs intravenously based on following doses per 10 kg of body weight once a day: A: Metronidazole sodium chloride injection 30 mL; B: 0.9% sodium chloride injection 70 mL+cefoperazone sodium sulbactam sodium 1.0 g; C: 5% glucose injection 150 mL+adenosine triphosphate injection 20 mg+coenzyme A 100 units; D: Compound amino acid injection (18 AA) 30 mL   Once a day: A: Intramuscular injection of 400 000 units of penicillin; B: Wound cleaned with iodine (5±0.5 g/L)            Observe monkey water intake, diet, mental state, defecation. and wound recovery every day
  Liquid diets period   4--5                                                                                                                                                                                                                                     Once a day A: 50 g millet cooked in boiling water for 30 min; Twice a day B: 50 g apple cooked in boiling water for 30 min; Once a day C: 0.8 g *lactobacillus* tablets; D: clean drinking water   (--)                                                                                                                                                                                                                                                                                                                                                                               Once every two days: A: Intramuscular injection of 400 000 units of penicillin; B: Wound cleaned with iodine (5±0.5 g/L)   
  6--7                  Once a day A: 100 g millet cooked in boiling water for 30 min; Twice a day B: 100 g apple cooked in boiling water for 30 min; Once a day C: 0.8 g *lactobacillus* tablets; D: clean drinking water                                       (--)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  8--9                  Once a day A: 100 g millet cooked in boiling water for 30 min; Twice a day B: 150 g apple cooked in boiling water for 30 min; Once a day C: 0.8 g *lactobacillus* tablets; D: Clean drinking water                                       (--)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  10                    Once a day A: 100 g millet cooked in boiling water for 30 min; Twice a day B: 150 g apple cooked in boiling water for 30 min; Once a day C: 0.8 g *lactobacillus* tablets; D: Clean drinking water; E:50 g apple; F: 50 g solid fodder   (--)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  Euphagia              10 days later                                                                                                                                                                                                                            Twice a day A: 150 g solid fodder; Once a day B: 150 g apple; C: Clean drinking water                                                                                                              (--)                                                                                                                                                                                                                                                                                                                                                                               (--)                                                                                                                       

The biopsied tissues were preserved ([Figure 1C](#Figure1){ref-type="fig"}) and used as follows. In brief, tissues a, b, and c were stored in liquid nitrogen for RNA extraction. Tissue d was fixed in 4% paraformaldehyde and used for H&E and immunofluorescence staining. Tissue e was stored in glutaraldehyde and used for scanning electron microscopy. Tissue f was stored in RPMI1640 with 5% fetal bovine serum (FBS) for separation of lymphocytes, as described previously ([@bLing2010]; [@bSteenholt2017]).

The H&E staining results ([Figure 1D](#Figure1){ref-type="fig"}, top) showed that the intestinal villi and epithelial barrier of the biopsied tissue acquired by intestinal resection and anastomosis were intact. In addition, intact small intestinal microvilli from the jejunum tissue were also observed by scanning electron microscopy (Figure 1D, bottom). Results suggested that the biopsy obtained by intestinal resection and anastomosis did not affect the fundamental structure of the intestine. In addition, flow cytometry was used to identify CD4^+^ and CD8^+^ T cells in the intestinal intraepithelial lymphocytes and lamina propria lymphocytes. We found that the proportion of CD8^+^ T cells in the epithelial layer was significantly higher than that of CD4^+^ T cells, whereas no significant differences were observed in the proportion of these two cells in the lamina propria ([Figure 1E](#Figure1){ref-type="fig"}), consistent with previous research ([@bSteenholt2017]). These data imply that the epithelial and lamina propria lymphocytes were divided effectively and that the isolation method was reliable for studying the proportion and function of distinct intestinal cells. These findings were also confirmed by H&E staining of tissues before and after ethylenediaminetetraacetic acid (EDTA) digestion ([Figure 1D](#Figure1){ref-type="fig"}, [F](#Figure1){ref-type="fig"}). Before digestion, the intestine contained a complete epithelial layer and lamina propria, whereas only lamina propria cells were observed after EDTA digestion. Subsequently, the locations of molecular markers, i.e., CD3 (T cells), CD4 (T cells), CD20 (B cells), and tight junction proteins (claudin-3), were detected by immunofluorescence ([Figure 1G](#Figure1){ref-type="fig"}). Results showed that the biopsy retained intact antigenic epitopes, which are crucial for studying antigen localization and intercellular interactions. High purity RNA was extracted by RNAisoPlus ([Figure 1H](#Figure1){ref-type="fig"}) for RNA sequence analysis.

Four months after surgery, the immune status of the macaques was detected to evaluate the impact of surgical stress on their immune response. Although the number and percentage of monocytes significantly decreased post-surgery, surgery did not affect the counts or ratios of B cells, T cells, CD4^+^ T cells, or CD8^+^ T cells (Supplementary Figure S1A). In addition, the concentrations of sCD14 and FABP2, which are the peripheral biomarkers of microbial translocation and intestinal epithelial injury, showed no significant differences before or after the operation (Supplementary Figure S1B), demonstrating that intestinal integrity and permeability were not altered by surgery.

The body weight of animals showed a significant decrease post-surgery. However, the macaques maintained their post-surgery weight until SIV infection (Supplementary Figure S2A). Plasma levels of lipids, proteins, and vitamins were further tested to evaluate the effects of surgery on intestinal nutrient absorption and metabolism. The levels of triglycerides (TG), cholesterol (CHOL), and low-density lipoprotein cholesterol (LDL-CH) did not significantly change post-surgery (Supplementary Figure S2B), indicating that surgery did not cause abnormal lipid metabolism in macaques. There were no obvious differences in the concentrations of transferrin and albumin pre- or post-surgery (Supplementary Figure S2C), suggesting that macaques did not exhibit nutritional deficiencies, anemia, or infectious diseases after surgery. Vitamin A plays an important role in all stages of wound healing ([@bPolcz2019]; [@bZinder2019]), especially in stimulating epithelial growth. However, vitamin A deficiency is common during infection ([@bPolcz2019]). In addition to antioxidant effects, immunomodulatory effects of vitamin E have been observed in animal and human models under normal and disease conditions ([@bLee2018]; [@d38e802]). Therefore, we also tested vitamin content in plasma post-surgery. No significant differences were found in vitamin A or vitamin E before or after surgery (Supplementary Figure S2D), indicating normal intestinal absorption and no vitamin deficiency after operation. Taken together, these data suggest that animals recovered well after surgery, with no significant postoperative complications.

In this study, jejunal resection and anastomosis were successfully performed in 12 Chinese rhesus macaques. Monkey 00034 was found to have severe abdominal distension during laparotomy and died one day after surgery. All other monkeys were able to eat and defecate normally. In addition, the biopsied tissues could be used for histological, physiological, pathological, and immunological detection during HIV/SIV infection, as well as for mechanistic analysis at the cellular and molecular level. Four months post-surgery, animals showed no significant changes in counts or ratios of B cells, CD4 T, and CD8 T cells, except that counts of monocytes significantly declined, thus implying no immune system disorder following surgery. Importantly, there was no obvious microbial translocation in the plasma after surgery, proving that the intestinal barrier was restored. Animal weight showed a significant decrease post-surgery. However, this was not likely caused by abnormal intestinal absorption function after surgery as all animals exhibited a good nutritional status post-surgery. The weight loss may be in response to winter conditions (when the surgery was carried out), with animals expending more body energy to maintain thermogenesis. In addition, the macaques maintained their body weight for a long period until viral challenge, implying that the absorption and metabolism remained stable after operation. Although resection and anastomosis are complicated and significantly increase tissue trauma and surgical pressure ([@bPerret-Gentil2000]; [@bShogan2014]), we found that nursing care after surgery improved the survival rate of animals, accelerated intestinal recovery, and reduced the experimental period.

Intestinal endoscopy and resection and anastomosis are the most commonly used methods of intestinal sampling. Endoscopy is generally considered to be easier and safer than resection and anastomosis. Therefore, AIDS-related research focusing on the intestinal immune system mostly uses biopsy tissue obtained through endoscopy. However, laparoscopic surgery requires advanced skills and can be hindered by operational difficulty within a small gut area, inadequate collection of mucosal lymphocytes, and incomplete intestinal smooth muscle sampling, which are serious limitations of endoscopic biopsies. Due to the physiological curvature of the intestine, endoscopy is generally performed in the duodenum and colon. In addition, the number of lymphocytes obtained by endoscopy is approximately 3×10^6^ ([@bBrenchley2008]). In contrast, compared with endoscopy, the duodenum, jejunum, ileum, and colon can be more easily sampled following the method described in this study. More importantly, intestinal resection and anastomosis can obtain a 6 cm section of intestinal tissue, resulting in the collection of approximately 5×10^6^--20×10^6^ intestinal epithelial lymphocytes and 2×10^7^--5×10^7^ lamina propria lymphocytes ([@bVeazey1997]). Furthermore, this biopsy sampling acquires adequate resources for longitudinal study of animal intestines. Therefore, the successful implementation of intestinal resection and anastomosis may be important for research related to the pathogenesis and treatment of diseases such as HIV infection.
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